Efficient upconversion of photoluminescence (PL) from donor bound excitons is revealed in bulk and nanorod ZnO. Based on excitation power dependent PL measurements performed with different energies of excitation photons, two-photon-absorption (TPA) and two-step TPA (TS-TPA) processes are concluded to be responsible for the upconversion. The TS-TPA process is found to occur via a defect/impurity (or defects/impurities) with an energy level (or levels) lying within 1.14-1.56 eV from one of the band edges, without involving photon recycling. One of the possible defect candidates could be V Zn . A sharp energy threshold, different from that for the corresponding one-photon absorption, is observed for the TPA process and is explained in terms of selection rules for the involved optical transitions.
Introduction
ZnO continues to attract extensive research interest as a promising material for a wide variety of device applications in e.g. transparent electronics, spintronics, solar cells, and solidstate white lighting [1] [2] [3] . Owing to a wide and direct bandgap combined with a large exciton binding energy, ZnO is also among key candidates for efficient light emitters operating in ultraviolet (UV) spectral region. Furthermore, since ZnO can be easily synthesized with superior optical quality in various nanoscale forms [4] [5] [6] , it can be used in emerging nanooptoelectronic devices (e.g. in nano-lasers) to be implemented in novel photonic circuits. A lack of inversion symmetry inherent to wurtzite crystal lattice of ZnO facilitates strong nonlinear optical effects in this material such as second-harmonic generation [7] [8] [9] [10] and twophoton-absorption (TPA) [11] [12] [13] [14] [15] . The latter process often leads [10] to PL upconversion, i.e. appearance of efficient near-band-edge (NBE) photoluminescence (PL) arising from recombination of non-equilibrium carriers generated due to energy upconversion via TPA under optical excitation with photon energy below the bandgap energy. Therefore, TPA is currently considered [15] as an attractive practical approach for exciting the PL emission in ZnO as it allows us to replace expensive UV pumping sources in photonic circuits by inexpensive near-infrared-laser diodes based on III-V semiconductors.
Under TPA, the non-equilibrium carriers that participate in the NBE PL are generated via simultaneous absorption of two photons through virtual-state-assisted interband transitions which leads to a quadratic dependence of the upconverted PL intensity on excitation power. Therefore, efficient TPA in ZnO is usually achieved under high pumping conditions [11, 14] , often in the order of 10 9 W/cm 2 . Efficiency of the upconversion process, however, is known to be significantly higher if intermediate states involved in the photon absorption are not virtual but real states, e.g. impurity/defect levels. Such two-step two-photon-absorption (TS-TPA) has previously been reported in a number of semiconductor materials [16] [17] [18] [19] and exhibits a 3 weaker dependence on the excitation intensity (with a power factor ≤ 2). The TS-TPA has most recently been reported in ZnO microcrystals [12] , though the energy position and origin of the involved defects remain questionable. Also not certain are spectral ranges where TPA or TS-TPA dominates. The purpose of the present study is to clarify these issues by measuring excitation-power and excitation-wavelength dependences of the upconversion process, using donor bound excitons (BX) as a scaled measure of the number of the upconverted carriers in bulk and nanostructured ZnO.
Experimental
The investigated samples include commercially available bulk crystals from Cermet GHz. In the ODMR measurements, PL was excited by the 364 nm line of an Ar + ion laser.
ODMR spectra were obtained as a change of the integrated PL intensity detected by a Si detector within the visible spectral range of 420-1000 nm.
Results and Discussion
Representative PL spectra measured from the bulk and NR ZnO using one-photon excitation are shown by the solid lines in Figure 1 and are typical for good quality materials.
In the bulk samples the spectra contain free exciton (FX) emissions from upper (FX The energy upconversion process is found to occur for a wide range of excitation wavelengths of 380-735 nm, though its efficiency and dependence on the excitation power (W exc ) change with λ exc -see Figure 2 . For λ exc ranging from 370 to 532 nm, the UPL emission in the bulk ZnO could be detected with W exc as low as 1-5 mW, demonstrating a very high efficiency of the upconversion process. The intensity of the BX UPL emissions under these conditions is proportional to W exc n , where the power factor n is ~ 1.3-1.6 (for W ex < 100 meV). This is illustrated in Figure 2 , taking as an example results obtained under λ exc = 400 nm and 532 nm. The observed power dependence implies that the dominant energy upconversion process under these conditions is TS-TPA via real states, as shown schematically in the inset in Figure 2 (the green arrows). On the other hand, significantly stronger power dependences with n = 2.1-2.2 are found either for high W ex or when the excitation wavelength is tuned at or below 661 nm -see Figure 2 [22]. This indicates prevalence of TPA via virtual states under these conditions (shown by the red arrows in the inset of Figure 2 ).
Energy upconversion: Two-step two photon absorption.
Let us now discuss the revealed upconversion processes in more detail starting from TS-TPA via a real intermediate state, such as a defect level. This process usually involves two steps though their exact sequence depends on initial occupation of the defect level: (i) an electron is excited from the defect level to the conduction band (CB) and (ii) an electron from the valence band (VB) is excited to the defect level leaving a hole in VB -see the green 6 arrows in the inset in Figure 2 . The created free electron-hole pairs may then form bound excitons detected in UPL. Strictly speaking, a quadratic dependence of the UPL intensity on W ex may be expected for such process. However, the exact value of the power factor is known to decrease [16] [17] [18] [19] As to a possible origin of the defect/impurity level involved in the TS-TPA, it is most likely related to an intrinsic defect or a residual impurity due to contaminant, or their complex, as all investigated structures were intentionally undoped. Common trace impurities 7 in ZnO that introduce deep levels within the bandgap include Cu, Li, Mn and Pb [23, 23] .
However, the energy positions of these levels are beyond the range determined for the observed TS-TPA process, which rules out their role in the TS-TPA. The intrinsic defects known to introduce deep levels and have reasonably low formation energies in ZnO include zinc and oxygen vacancies, V Zn and V O [24] . Previous electron spin resonance studies [25, 26] have shown that the threshold energy of the optical excitation for the charge transition (0/+) level of V O is ~ 2.1 eV. A similar threshold energy of about 2.3-2.4 eV was also found for the photo-ionization process of V Zn , V Zn 2-+ h  V Zn -+ e. Thus both defects can, in principle, provide a path for TS-TPA. We believe, however, that the participation of V Zn is somewhat more likely since these defects are more abundant in as-grown ZnO, as shown by the positron annihilation spectroscopy [27] , spin resonance measurements [25] , as well as first-principle calculations [24] . We note that the presence of these defects in the investigated structures was directly confirmed from the performed ODMR measurements. To demonstrate this, Figure 4 shows typical ODMR spectra measured from the bulk and NR ZnO, where well-known [24, 25] In-depth information on the details of the observed TS-TPA, such as origin of the photons participating in energy upconversion, can be obtained from transient PL studies. It has previously been shown that whereas the first absorption step usually involves a photon from a laser, the photon required to complete TPA may be provided either by the laser light or via photon recycling [18, 19] . The latter can be mediated by other radiative recombination 8 processes such as emissions within the visible spectral range commonly observed in ZnO, which are also present, though weak, in the investigated samples. Rising of the resulting UPL emission under pulsed excitation is usually rather slow and persists even after the end of the laser pulse due to slow feeding via photon recycling. To single out importance of the photon recycling in our structures, we have studied dynamics of the BX emission under one-and two-photons excitation conditions. Representative PL transients are shown in Figure 5 taken as an example the bulk (Denpa) ZnO. Under one-photon excitation, the BX emission exhibits a rising within the first 200 ps, due to trapping of the photo-generated carriers to the BX states. This is followed by the PL decay which contains a fast (0.13 ns) and a slow (0.9 ns) component. By analogy with BX dynamics in GaN [28 ] , the former can be tentatively attributed to lifetime of BXs generated close to the surface that is shortened due to surface recombination and scattering processes. This decay component is no longer observed under two-photon excitation. The slow component, which dominates the UPL decay, may then represent the bulk BX lifetime. Most importantly, the rising of the UPL emission is only slightly slower than that detected under one-photon excitation, which rules out significant contributions from the photon recycling. To further confirm this conclusion we have modeled the expected UPL transient if: (i) both photons are provided by the laser; (ii) the rising time of the UPL emission is the same as that under one-photon excitation and the UPL decay is solely determined by the slow component; (iii) the UPL emission is excited uniformly within the entire volume of ZnO; (iv) the emitted light is partially absorbed and also experiences a delay when propagating through ZnO media, which is determined by the dispersion of excitonpolaritons [29] . The result of this modeling is shown by the solid line in Figure 5 and is in excellent agreement with the experimental data. This provides compelling evidence that both photons participating in the TS-TPA are provided by the laser. 
Energy upconversion: Two photon absorption
When excitation photon energy is insufficient to complete TS-TPA, energy upconversion may occur due to TPA via virtual states. From Figure 2 , this process dominates in our structures when λ exc ≥ 661 nm or at high excitation power, evident from the observed quadratic dependence of the UPL intensity on W exc . The TPA process is less efficient than TS-TPA and could only be detected for W exc  15 mW. To determine spectral dependence of the corresponding upconversion efficiency, we performed two-photon photoluminescence excitation (PLE) measurements [10] . states. Though these selections rules may be modified due to, e.g., strong admixture of dstates to the VB states that is the case for ZnO [34] , the oscillator strength of TPA for the S excitons in bulk ZnO remains very low [32] . Our results show that the same selection rules also apply to nanostructured ZnO.
Conclusions
In conclusion, we have observed efficient upconvertion in the bulk and NR ZnO by monitoring the BX emission. Based on the excitation power dependence with different energies of excitation photons, the processes responsible for the upconversion are assigned to TPA via virtual states and TS-TPA via real states. It is concluded that the TS-TPA process does not involve photon recycling and occurs via a defect/impurity (or defects/impurities) with an energy level (levels) lying within 1.14-1.56 eV from one of the band edges. Likely candidates of such defects/impurities are intrinsic defects and residual impurities, with V Zn as a possibility. The presence of these defects in the investigated samples is confirmed by the ODMR measurements. Optical transitions via defect/impurity levels within the TS-TPA spectral range were also detected in the one-photon absorption spectra of the bulk ZnO. The TPA process is shown to dominate when λ exc ≥ 661 nm or at high excitation power. The observed different threshold energy for TPA as compared with that for the one-photon absorption is explained in terms of the selection rules for the concerned optical transitions.
The obtained results could provide a useful guideline for designing efficient non-linear optical devices based on bulk and nanostructured ZnO. and two-photon excitation with the specified excitation photon energies
